Background: Industrially produced quantities of TiO 2 nanoparticles are steadily rising, leading to an increasing risk of inhalation exposure for both professionals and consumers. Particle inhalation can result in inflammatory and allergic responses, and there are concerns about other negative health effects from either acute or chronic lowdose exposure.
Background
The quantities of TiO 2 nanoparticles with different characteristics produced by industry are steadily increasing due to their versatile and broadening, application spectrum. Over 50.000 tons per year was the estimate in 2010 [1] . It has been suggested that by 2026 the majority of bulk TiO 2 production may be in the form of nanoparticles following an exponential growth in TiO 2 nanoparticle use, reaching up to 2.5 million tons per year [1] . Even without such exponential growth, several market analyses (published in 2013) indicate an increase in the annual production of TiO 2 nanoparticles by an order of magnitude up to 2020 (e.g. [2] ). This clearly entails an increasing risk of inhalation exposure particularly from products such as pigments, as well as an increased risk of professional exposure during manufacturing and packaging [3] . Following exposure, particle translocation from lungs to systemic vasculature [4, 5] , where previously inert particles may adopt a new biological identity after formation of a protein corona [4, [6] [7] [8] , could lead to negative health outcomes. In this context, the allergic potential of nanoparticles and their potential to trigger asthma effects are under scrutiny [9, 10] , and TiO 2 nanoparticles have even been classified as "possibly carcinogenic to humans" [11, 12] supported by a recommendation of ECHA for classification of TiO 2 [13] . On the other hand, the application of TiO 2 nanoparticles as pulmonary drug delivery systems via inhalation is being considered for the treatment of respiratory diseases, as these may allow more direct access to diseased tissue thereby avoiding risks related with systemic drug administration [14] [15] [16] [17] [18] .
In a pioneering inhalation study, Ferin, and co-workers [19] demonstrated that nano-sized TiO 2 -particles are able to cross the air-blood-barrier (ABB) of rats to a greater extent than submicron TiO 2 -particles, thereby causing more inflammation than the same airborne mass concentration of larger particles. This report provided the first evidence that inhaled TiO 2 -material, with low toxicity in the form of submicron particles, may exhibit increased toxicity when the particle size is reduced to the nanometer range [19] . It has also been demonstrated that an equivalent dose of TiO 2 -NP applied by IT-instillation and whole body inhalation causes a significantly greater acute respiratory tract inflammation when the dose-rate of TiO 2 -NP delivery is increased [20] .
In a review of inhalation studies, Shi et al. [21] showed that occupational TiO 2 -particle concentrations may reach currently established limits of 5 mg•m − 3 while non-professional environmental exposure levels may reach up to 50 μg•m − 3 [21] . Assuming a typical daily inhalation volume of 20 m 3 air and a deposited fraction of 30% in the lungs [22] the daily deposited lung dose can, therefore, vary between 0.3 mg•d − 1 for a member of the public and up to 10 mg•d − 1 for exposed workers (8 h of exposure). When normalized to body weight (BW, assuming 70 kg for an adult person) this translates into exposure doses in the range between 4.3 μg•kg − 1 to 143 μg•kg − 1 , levels that should be used as an indication of approximate upper limits in meaningful in vivo inhalation studies (at least at current exposure levels). Studies should also be designed to take into account the accumulation dynamics of nanoparticles: from previous biokinetics studies of inhaled, 20 nm gold nanoparticles [23] , or of inhaled, 20 nm iridium nanoparticles [24] [25] [26] , or of 20 nm elemental carbon nanoparticles [27] , it is known that nanoparticle accumulation occurs rather rapidly during the first 24-h. Therefore, after a two-hour inhalation of 20 nm TiO 2 -NP radio-labeled with 48 V, the present investigation covers early accumulation with three time-points of 1 h, 4 h, and 24 h, followed by two time-points after 7 days and 28 days to investigate possibly slower processes of accumulation, redistribution, and clearance of nanoparticles. For this purpose, retained [ 48 V]TiO 2 -NP doses in different organs of interest, selected tissues and body fluids were determined, including the carcass and the entire fecal and urinary excretions of each animal to provide a complete balance of the fate of the applied [ 48 V]TiO 2 -NP in the entire organism.
This fourth biokinetics study on inhaled 20 nm [ 48 V]TiO 2 -NP applying the same inhalation methodology to the same strain of rats and the same biokinetics analysis of radio-labeled NP like the previous studies on gold-NP [23] , iridium-NP [24] [25] [26] and elemental carbon NP [27] allows the unique option of comparing the in vivo fate of different inhaled NP materials and their according physicochemical characteristics. Furthermore, the present inhalation/biokinetics study will be compared with our previous series of 28-day biokinetics studies obtained after intratracheal instillation or intravenous injection or oral gavage of 70 nm [ 48 V]TiO 2 -NP in the same strain of rats [28] [29] [30] .
Results

Aims and rationale
The present study was designed to investigate the quantitative biokinetics of TiO 2 -NP after a single two-hours intratracheal inhalation exposure of 48 V radio-labeled, 20 nm TiO 2 -NP ([ 48 V]TiO 2 -NP) over a period of up to 28 days. Female, adult Wistar-Kyoto rats inhaled a [ 48 V]TiO 2 -NP aerosol freshly generated by spark ignition between two proton-irradiated pure Ti electrodes. The study was designed as part of a series of studies to compare the biokinetics of three different inhaled 20-nm NP-materials -TiO 2 -NP, AuNP and IrNP [23] [24] [25] [26] including their translocation kinetics across the air-blood-barrier (ABB) and their subsequent accumulation (up to 28 days; due to gradual NP uptake from the blood) in secondary organs and tissues in the same strain of rats and using the same inhalation technology. The added value of these studies is derived from the adjusted and agglomeration-controlled small size of the inhaled nanoparticles since other inhalation studies applied NP agglomerates which were much larger than 20 nm. Moreover, the use of radiolabeled NP provides the required precision to study translocation kinetics across the ABB and also to quantify minor NP accumulations in secondary organs and tissues.
Since we have previously observed relocation of NP after intratracheal inhalation of 20 nm [
195 Au] AuNP [23] and [ 192 Ir] IrNP [24] [25] [26] into the alveolar interstitium and subsequent re-entrainment back onto the lung epithelial surface we hypothesized that the same kinetics may be detectable for inhaled [ 48 V]TiO 2 -NP of the same size.
Furthermore, the present inhalation study will be compared with our previous biokinetics data obtained after intratracheal instillation or intravenous injection or oral gavage of 70 nm [
48 V]TiO 2 -NP in the same strain of rats [28] [29] [30] .
[ 48 V]TiO 2 -NP aerosol exposure and deposition Table 1 compiles the key characterization parameters of the aerosols used for each group of rats in the biokinetics study. These were derived from in situ measurements during inhalation exposure using a Scanning Mobility Particle Sizer (SMPS) Spectrometer and a Condensation Particle Counter (CPC) synchronized with the flight time required until the inhalation by the rats (assuring the correct size distribution at inhalation), as well as γ-spectrometry results on a filter collecting a precise fraction of the aerosol in a bypass line. As described in detail in the Additional file 1 the count medium diameter (CMD) and its geometric standard deviation (GSD) are obtained from the as-measured particle size spectra. Additionally, the experimentally determined particle size spectra were averaged and then fitted to a log-normal distribution, applying a least squares method. The fitted log-normal distribution was extrapolated down to a particle size of 1 nm in order to overcome the operative threshold of the SMPS of 10 nm and to estimate the contributions of smaller particles.
Intratracheal inhalation exposure allowed deep breath ventilation and avoided head airway deposition, thus leading to enhanced intrathoracic conducting airway deposition as well as alveolar deposition, with long-term alveolar retention being the dominating outcome. Parameters of aerosol inhalation and deposition are compiled in Table 2 for each group of rats. In addition, the activity fractions cleared from the lungs that can be attributed to fast mucociliary clearance from the conducting airways (MCC) and long-term macrophage-mediated [ 48 Figure S3 of the Supplementary Information). On the other hand, our experimental MCC data estimated from tracheobronchial deposition (TB) determined 24 h, 7d, and 28d p.e. are about twice as high as the value of 0.12 predicted by the MPPD model (see Additional file 1: Figure S3 , of the Supplementary Information). Both differences might be attributed to the exposure conditions during intratracheal low-pressure ventilation in the plethysmograph chamber [31] (for details see the Additional file 1).
The increasing MCC data from 1 h to 4 h p.e. clearly show that MCC is very fast and only a small further increase occurs up to 24 h. Up to this point, the MCC is calculated from the fractions found in the gastro-intestinal tract (GIT) and in feces. The MCC data for the groups of 7 days and 28 days p.e. are derived from fecal excretion measurements during the first 3 days p.e. After the third day, fecal excretion is attributed to LT-MC (see footnote 1 ). during the first 24 h to an IPLD fraction below 0.01. Each BAL procedure revealed alveolar macrophages (AM) as the dominating BAL cell fraction; the neutrophilic cell fraction was always below 2% (see Additional file 1: Figure S5 of the Supplementary Information).
A least-squares fit of the mean alveolar [ 48 V]TiO 2 -NP retention of each group of rats over 28 days p.e. (taken  from Table 3 , total lungs) to a mono-exponential decrease yields a retention half-life of 25 days. For comparison, when fitting the body retention data derived from excretion data between 3 and 28 days to a bi-exponential fit, retention half-lives of 6 and 38 days were obtained, respectively (see Additional file 1: Figure  S1 in the Supplementary Information). These values are much shorter than the 60-70 days half-life frequently reported in the literature. [26, 32, 33] The difference can be attributed to three factors [32, 34] . Firstly, the lung fits are based on only three lung retention data points at 24 h, 7 days and 28 days p.e. Secondly, the studied retention period is too short to correctly determine the long-term retention half-life because the mono-exponential fit is only a first-order attempt for a retention pattern which continuously declines over time resulting in an increasing half-life. We made a similar observation in our analysis of lung retention data up to 168 days after the intratracheal inhalation of 20 nm IrNP when compared to the first 30 days; for 168 days we obtained half-lives of 6 and 160 days versus 3 and 25 days for the first 30 days p.e. (see Additional file 1). Thirdly, the body retention data in the present study, represent predominantly lung retention and minor contributions of the translocated fractions retained in all secondary organs, tissues, and blood (see Table 3 and Additional file 1: Figure S1 of the Supplementary Material). The excretion data collected over a period of 28 days according to Eq. (1b) of the Additional file 1 confirm continuously decreasing excretion rates, giving rise to an increased body retention half-life of 38 days as detailed in the Additional file 1. The use of radiolabeled [
48 V]TiO 2 -NP allows us to precisely control the nanoparticle dose which is effectively deposited in the lungs and its redistribution in the whole body of the animals, including fecal and urinary excretions.
Long-term macrophage-mediated [ 48 
V]TiO 2 -NP clearance
Nano-sized and micron-sized particles retained in the peripheral lungs are continuously cleared by LT-MC towards ciliated airways and the larynx and are subsequently swallowed into the GIT. Since only, a very small [29] . Therefore, fecal [ 48 V]TiO 2 -NP excretion after day 3 p.e. corresponds to NP cleared from the alveolar region, since the hepato-biliary particle clearance (HBC) pathway to fecal excretion can be neglected in the present case because (a) only a minor fraction of particles accumulate in the liver (see Table 3 ) and (b) an even much lower fraction of the particles retained in the liver is cleared via HBC [28, 29] . However, immediately after particle deposition in the thoracic region of the respiratory tract, LT-MC is superimposed by MCC of [
48 V]TiO 2 -NP from the ciliated, conducting airways as shown in Table 3 and Fig. 2 . The fecal excretion of the MCC contribution is concluded after 1-3 days p.e., which corresponds to the time required for the GIT passage of the The ranking order for all secondary organs, blood, skeleton, and soft tissues at 28d p.e. according to each third line "all corr." and each seventh line "transloc. NP fract." is: skeleton > soft tissue > liver > kidneys > blood > spleen > uterus > brain > heart However, this ranking order changes for the lines "fract. Conc." for "mass conc." and "numb. Conc." per mass of organ or tissue to: skeleton > spleen > kidneys > liver > uterus > soft tissue > blood > heart > brain obtained for micron-sized particles [35] [23] .
In Fig. 3a+b the daily urinary excretion is plotted, based on the data retrieved from the rats of the 7 days and the 28 days group. These agree very well with each other. During the first 3 days, the urinary excretion rates amount to 0.03 d − 1 but drop sharply below 0.01 d − 1 and then decline gradually to 0.001 d − 1 at day 28 (Fig. 3a) . Figure 3b shows clearly that the Table 3 . Mean ± SEM, n = 4 rats per time point. Statistical one-way ANOVA analysis with the post-hoc Bonferoni test in between all time points are given in the table below: cumulative urinary excretion is much smaller than the cumulative fecal excretion in Fig. 2b . After 28 days about 1 μg of the initially deposited lung dose of (1.37 ± 0.39) μg were excreted via feces while less than 0.15 μg were excreted via urine, which emphasizes the prominent role of the initial MCC and of LT-MC after day 3.
Biokinetics of translocated [
48 V]TiO 2 -NP into secondary organs and tissues
In Table 3 Table 3 . Immediately after inhalation a rapid translocation into blood is observed followed by fast uptake in soft tissue, which saturates thereafter. The increasing [ 48 V]TiO 2 -NP content in blood (Fig. 4a) leads to steep increases in liver, kidneys, heart, uterus, and skeleton during the first 4 hours p.e. (Fig. 4b-d) (Fig. 4a) which is tenfold more than the ABB-translocation of same-sized [
195 Au] AuNP after their intratracheal inhalation [23] . (Fig. 5a-c and Table 3 ). Fig. 5a shows a tenfold increase of concentration in blood during the next 3 hours followed by a gradual decrease to a constant value from day 7 to day 28 which is close to the initial concentration determined at 1 h p.e. The initially steep increase was also found in liver, kidneys, heart, and uterus indicating rapid uptake by the MPS cells of these secondary organs when the blood concentration is still high. While the blood concentration starts to decrease 4 h p.e. and reaches a value close to that immediately after exposure, the concentrations in the aforementioned organs decreased only very little between 7 and 28 days p.e. The spleen shows a different behavior characterized by a slower but persistent increase by almost two orders of magnitude over 28 days suggesting continuous uptake by its MPS cells independent of blood concentrations.
[ 48 V]TiO 2 -NP concentrations in soft tissue and skeleton ( Fig. 5d and Table 3 ) start similarly low as in blood and secondary organs. Due to the large mass of soft tissue the increase is modest during the next 3 hours and follows the declining [
48 V]TiO 2 -NP concentration pattern in blood. In contrast, the concentration in the skeleton rises tenfold during the next 3 hours and stays rather constant during the whole follow-up period up to 28 days p.e., similar to the MPS mediated biokinetic patterns observed in liver, kidneys, heart, and uterus.
Corrections for residual blood in secondary organs and tissues
In order to obtain the true value of 48 V activity in the organs and tissues of interest, the radioactivity of the residual blood retained after exsanguination had to be subtracted. The derivation of this correction (i.e. the ratio RB of 48 V-activity in the residual blood normalized to the totally measured 48 V-activity retained in a given organ) is given in the Additional file 1 (see Eq. 23). The ratios RB presented in Additional file 1: Figure S5 of the Supplementary Information are larger than 0.1 during the first 24-h p.e. for most of the secondary organs and somewhat smaller in soft tissue and skeleton. This may have resulted from either early ionic release of the 48 V radiolabel (which will be discussed later) or from initially rather high amounts of 
Discussion
Due to the design of the present study, we could not focus on the TiO 2 -NP biokinetics at a microscopic level. However, using the same spark ignition TiO 2 -NP generation technology and similar inhalation methods, we have previously studied the microscopic fate of 20 nm-sized TiO 2 -NP retained in the lungs of rats during the first 24 h p.e. using transmission electron microscopy (TEM). [36] [37] [38] . TiO 2 -NP were found on the lung epithelium either as free luminal TiO 2 -NP (mostly immediately p.e.), as well as in alveolar macrophages (AM) and in alveolar epithelial Type I cells (Ep1) and Type 2 cells (Ep2). Much smaller numbers of TiO 2 -NP were found in vascular endothelia. Most intracellular TiO 2 -NP were retained in vesicles of all three cell types. Initially individual and small agglomerates of TiO 2 -NP were observed in the cells but with increasing time larger TiO 2 -NP agglomerates were observed indicating ongoing agglomeration inside the cells.
The [23] [24] [25] [26] independent of the NP material. It is mainly determined by long-term macrophage-mediated clearance (LT-MC) between 3 and 28 days p.e., as can be concluded from Fig. 6 , which shows the daily fecal excretion rates normalized to IPLD.
However, the urinary excretion differs consistently between the three NP as shown in Fig. 7 during the first week p.e., but increase tenfold thereafter with a maximum at 12 days p.e. In order to be excreted via urine, the NP must have entered the circulation and have been filtered from the blood by the renal glomeruli of the kidneys into the urine. Urinary NP excretion has been shown by several publications to occur only for NP smaller than 6-8 nm [39] [40] [41] [42] . This would imply disagglomeration of the originally inhaled 20 nm NP before, during or after passage across the ABB. Alternatively; the 48 V, 192 Ir or 195 Au radiolabels were released from their respective NP matrix into ionic form. Both options will be discussed below.
To further analyze the translocation across the ABB, which results either in urinary excretion or in NP accumulation in secondary organs and tissues, Fig. 8a 195 Au] AuNP remain rather constant over the entire period; of note is the fact that the latter is 100-fold lower than the former. These constant patterns indicate a stable balance between NP eliminated from blood and released into blood. In contrast, [ 48 V]TiO 2 -NP blood fractions show a maximum at 4 h p.e. and decline thereafter more than tenfold. This decline is accompanied by increasing urinary excretion over time (Fig. 8a) (Fig. 8c) . In contrast, relative to the total translocated NP types, liver fractions of the other two NP types remain very low. Figure S7 of the Supplementary Information which was presented initially in the Additional file 1 of our recent report [29] ) do not support the [23] , disagglomeration may also take place, at least to some extent, for the spark ignition generated AuNP aerosol. If the disagglomerated primary particles and/or smaller sized agglomerates/aggregates are below 6-8 nm their translocation probability across the ABB into blood increases rapidly and there is sufficient evidence in the literature that these disagglomerates can pass renal glomerular filtration into the urine [39] [40] [41] [42] .
Since we may rule out significant urinary excretion of ionic 48 V, 192 Ir or 195 Au, the question arises of how disagglomeration may have occurred? Physiologically it is unlikely that disagglomeration occurs in the epithelial lining fluid, but it occurs inside the involved cells, i.e. epithelial type 1 and type 2 cells, AM and macrophages in the interstitium maturing from arriving blood monocytes. [23, 25, 26] and with those of 1.3 μm fused aluminum-silicate particles (FAP) particles and 2.1 μm polystyrene (PSL) particles in the total AM pool [45, 46] . Data points are mean ± SEM; n = 4 rats per time point fractions appearing in the skeleton (0.011), blood (0.013), liver (0.005), and also in urine (0.004). However, 24 h after inhalation the fraction in soft tissues decreases twofold to 0.014 indicating rapid elimination. Due to this rapid elimination, it appears plausible that additional disagglomeration may occur in soft tissue adding to the increased blood concentration of disagglomerated particles (DP) while disagglomeration likely continues in the lungs leading to continued ABB translocation. However, from these biokinetics data, we cannot exclude further disagglomeration and release to blood from other secondary organs. The increasing urinary fraction from 4 h to 24 h (0.032) suggests that an increasing part of DP is below 6-8 nm. In this regard urinary excretion and hence urinary DP excretion after [
48 V]TiO 2 -NP inhalation becomes already detectable 24 h p.e. and continues to increase to 0.073 (7d) and to 0.11 (28d) (see Fig. 8 ). It is noteworthy that this disagglomeration depends on the specific physico-chemistry of primary particle formation in the electrical discharge, since urinary DP excretion after [
192 Ir] IrNP inhalation shows different kinetics and becomes visible only 3 days p.e. (Fig. 8) 195 Au] AuNP remain liquid initially in the spark area and coalesce to tiny droplets of 6-8 nm in the Fig. 10 Mechanisms and pathways of NP relocation, NP re-entrainment, and translocation across the ABB. Graphical sketch of mechanisms and pathways of NP relocation into the epithelium and the interstitium, subsequent re-entrainment back onto the alveolar epithelium and translocation across the ABB into blood circulation for distribution throughout the entire organism hot zone around the spark before they become cold enough to solidify [44] . With regard to the different primary particle sizes of the three types of NP, it appears reasonable that (assuming disagglomeration) cumulative urinary DP excretion of [ 48 NP relocation into the interstitium and re-entrainment back onto the epithelial surface At the low dose of NP inhaled over 2 hours in our experiments we emphasize that there were no signs of inflammation, which could be revealed by inflammatory cells in BAL (see Additional file 1: Figure S4 ).
According to Fig. 1 , we observed that only a small fraction (0.2) of BAL-cell associated [
48 V]TiO 2 -NP is lavageable which gradually increases throughout the entire study period; this finding contrasts with that observed for inhaled micron-sized particles (μP) as shown by [45] [46] [47] where μP fractions of 0.8 (relative to the contemporary lung burden, CLR) were BAL-cell associated and constantly lavageable during 6 months of retention p.e. as shown by the dashed line in Fig. 9 .
Immediately after inhalation (i.e. on average 1-h p.e.) and at 4 h p.e., a major fraction of [ Yet, as long as there were free [ 48 V]TiO 2 -NP on the epithelium, we proved their lavagebility in BALF immediately after inhalation and 4 h p.e., (Fig. 1 and 9 ). After this, from 24 h p.e. until the end of the study free showing that same-sized NP of other materials can also be lavaged from the lung surface as free NP [23, 25, 26] Since a few hours after deposition continued adherence on the luminal membranes of epithelial cells is unlikely, the NP are assumed to be endocytosed by Ep1 and Ep2 thereafter. This is consistent with morphometric lung analyses (electron-microscopy including elemental mapping at the Anatomical Institute in Bern, Switzerland) performed on the same strain of rats which had inhaled the physico-chemically equal, but not radio-labeled 20-nmsized TiO 2 -NP aerosol for which we had used our aerosol generation and inhalation equipment [36, 37, 48] . Our data are consistent with observations on Ep1 endocytosis already reported more than two decades ago by Lehnert [49] and by Adamson and Bowden [50] [51] [52] .
In fact, directly after inhalation and 24 h p.e. TiO 2 -NP, AuNP, and IrNP were not only found in Ep1 and Ep2 but also in the interstitial connective tissue and interstitial fibroblasts and across the basal membrane in endothelial vascular cells of rats and mice [53, 54] .
The graphical sketch in Fig. 10 illustrates the possible kinetics of NP relocation from the lung epithelium to interstitial spaces and re-entrainment back to the epithelium for LT-MC towards the larynx and GIT as recently reviewed by Stone and co-workers [55] .
More recently, using in vitro cell culture studies, Thorley and co-workers [56] provided additional evidence for NP exocytosis out of Ep1 as was already reported by [49] [50] [51] [52] . NP exocytosis allows for retention and transport within the interstitial connective tissue. Increasing [
48 V]TiO 2 -NP fractions may then cross the basal membrane and enter blood vessels for distribution in the body and subsequently retention in secondary organs and tissues as shown in Fig. 4b ; indeed, cumulative translocated fractions rise from 0.01 directly after the 2 h inhalation to 0.15 after 28d p.e.
However, higher [ , the BAL fractions over 28d p.e. would be expected to decrease rapidly between 24 h and 7d p.e. but they remain above 0.02 d − 1 over time (Fig. 1) . Therefore, the question arises as to how this [ 48 V]TiO 2 -NP pool is replenished on the alveolar surface? Recent data on the origin and the replenishment of AM provide evidence for two sources (a) monocytes arriving from blood which mature to phagocytic macrophages in the interstitium while on their way to the alveolar surface and (b) phagocytic macrophages derived from lung-resident mononuclear phagocytes (including monocytes, dentritic cells and AM) of embryogeneic origin and distinct from hematopoietic monocytes [57] [58] [59] . In contrast to earlier notions the recent papers note that interstitial macrophages (IM) are rarely found in the alveolar-capillary lung interstitium but are instead found in bronchiolar tissues showing low phagocytic capacity when compared to AM; instead, IM respond to pathogenic and inflammatory stimuli. Nevertheless, both sources of AM replenishment are phagocytes arriving from interstitial sites towards the lung surface. Therefore, we hypothesize that these phagocytes take up interstitially retained [ 48 V]TiO 2 -NP replenishing the pool of AM and thereby also refilling the pool of [
48 V]TiO 2 -NP on the alveolar epithelium for subsequent LT-MC to the larynx and GIT. In addition to AM replenishment, [ 48 V]TiO 2 -NP retained in epithelial cells may gradually be released by apoptotic Ep1 [60] or exocytosed onto the alveolar surface for uptake by AM.
We cannot exclude NP passage through bronchus-associated lymphoid tissue (BALT) at bronchiolar−alveolar duct junctions back onto the bronchiolar epithelium. [51, 61, 62] However, BALT plays an important immunogenic role for fluid absorbed from the alveolar surface, but the reverse flow onto the epithelial surface was postulated in the literature but not proven. [63, 64] Furthermore, there are only about 30-50 BALT sites in the rat lungs, [49, 65] which are far too few than would be required for NP re-entrainment because LT-MC clearance is the most prominent clearance mechanism eliminating most of the longterm retained NP.
In our previous studies [66, 67] the AuNP or IrNP fractions in BAL-cells 24 h p.e. were about half of that found for [
48 V]TiO 2 -NP and remained at fractions of about 0.1 until 28d p.e. Hence, when estimating AuNP or IrNP fractions associated with the AM-pool (taking the incomplete AM lavagebility of our BAL methodology into account and normalizing to the contemporary lung burden (CLR)), these fractions remained constant at about 0.2. This is in contrast to the increasing [ 48 V]TiO 2 -NP fractions associated with the AM-pool in Fig. 9 which continuously rise up to 0.6 at 28d p.e. This results from the higher rate of [ 48 V]TiO 2 -NP arriving from interstitial and epithelial sites at the alveolar surface compared to elimination rate towards ciliated airways and larynx. In contrats, it seems that for AuNP or IrNP the rate of arrival on the alveolar surface is balanced by the LT-MC rate. It does not appear plausible that the kinetics of re-entrainment would be modified by the modest load -both in terms of NP mass and number -of any of the three NP types within the migrating cells. This NP-material dependent arrival rate on the alveolar surface requires further investigation. The data sets obtained after inhalation in the current study or after intratracheal instillation [29] agree very well with each other for each organ or tissue, but they are strikingly different from those after IV-injection of [ 48 V]TiO 2 -NP [28] ; a detailed analysis is given in the Additional file 1 and the data are shown in Additional file 1: Figure S6 of the Supplementary Information.
Retained NP crossing the lung-ABB into circulation will interact with the mononucleated phagocyte systems (MPS) and are eventually phagocytized by cells of the MPS such as macrophages, neutrophils, and monocytes which exist in most organs (e.g. liver, spleen, kidneys), in skeletal bone marrow and in other tissues (e.g. connective tissue, muscle). Hence, NP will be cleared from the blood. However, as reviewed by Hume [68] the locations of MPS cells, their status of differentiation and their surface markers differ between organs. In fact, the rates of phagocytosis depend not only on NP properties like size, shape and various surface parameters but also on the different functions of MPS cells in different organs. As a result, the distribution, retention, and clearance of NP in these organs are complex and not yet fully understood [28, 29, 69, 70] . During the first hours post-injection, free IV-injected [ 48 V]TiO 2 -NP will most likely have bound to high affinity blood proteins/biomolecules such as fibrinogen but to a lesser extent to albumin, etc. in the blood after passage through the ABB, and/or else (c) the much lower concentration of translocated [ 48 V]TiO 2 -NP in blood after application in the lungs than after IV injection promotes uptake by MPS cells of soft tissue in contrast to those of liver MPS cells as mentioned above. It could be that all factors are at work, and additionally, it cannot be excluded that (d) the TiO 2 -NP were transported by blood cells e.g. phagocytes, monocytes, lymphocytes, thrombocytes after endocytosis, which would further complicate the situation. More literature from recent years provides better insights into TiO 2 -NP interactions with these cell types, like the lipid peroxidation of plasma membranes and its modulation by corona-forming serum proteins [72, 73] . Indeed, recent progress in the characterization and modes of NP-corona interactions affecting the translocation across organ membranes have been made, e.g. focusing on stable binding, high affinity proteins -so-called "core" proteins, etc., [8, 71, [74] [75] [76] . Yet, the complexity of interactions and the plethora of plasma proteins and biomolecules in the various body fluids potentially involved in corona formation as well as the diversity of NP-cell-receptor interactions hampers a better understanding, which however would be of great value for NP application in nanomedicine and drug delivery. The data presented in Additional file 1: Figure S6 in the Supplementary Information substantiate the conclusions drawn from our previous biokinetics studies after IT-instillation versus IV-injection of 70 nm sized TiO 2 -NP [28, 29] , and for 20 nm sized AuNP after itratracheal inhalation [23] , IT instillation [66] and IV-injection [77] : "All these biokinetics data clearly demonstrate the invalidity and impracticability of IV-injection studies using suspended NP as surrogate approaches to study the biokinetics and toxic responses of inhaled or IT-instilled NP". 
Materials and methods
Study design
Twenty healthy, adult, female Wistar Kyoto rats were randomly assigned to five groups of four rats and subjected to intratracheal inhalation of a 48 V-radiolabelled TiO 2 -NP aerosol for 2 hours via an endotracheal tube [79] . The biodistribution was analysed 1 h, 4 h, 24 h, 7d and 28d after exposure. The first group of rats, which was exsanguinated and dissected immediately after the two-hour intratracheal inhalation exposure, was assigned to the retention time point 1 h since the nanoparticles brought into the rats' lungs during 2 hours had an average time of only 1 hour for deposition, uptake, and distribution.
Animals and maintenance
The Wistar-Kyoto rats (WKY/Kyo@Rj rats, Janvier, Le Genest Saint Isle, France) were housed in relative-humidity and temperature controlled ventilated cages (VentiRack Bioscreen TM, Biozone, Margate, UK) on a 12-h day/night cycle. Rodent diet and water were provided ad libitum. The rats were adapted for at least 2 weeks after purchase and then randomly attributed to the experimental groups of the biokinetics study. When starting the study the rats were 8-10 weeks old and exhibited a mean body weight of 277 ± 17 g. Some physiological parameters of the rats are given in Radiolabeled TiO 2 -NP aerosols were produced continuously during the experiments by spark ignition between two pure titanium cylindrical electrodes (diameter 3 mm, length 5 mm) which had been proton irradiated in the compact cyclotron at the Zyklotron AG (Karlsruhe, Germany). The protons impinging on one of the flat ends of each electrode had an energy of about 13.5-14 MeV in order to achieve the highest possible 48 V-activity near the surface. This activity was distributed nearly homogeneously throughout a layer thickness that would theoretically be consumed by the spark ignition process during the experiments. At the time the inhalation experiments were performed, the specific 48 V radioactivity was 17.6 MBq/mg in a surface layer of about 30 to 40 μm thickness, similar to what had been described earlier in detail [43] . The radioactive 48 V decays back to 48 Ti via electron capture or positron emission, with a half-life of 15.97 days, thereby emitting γ-rays with an energy of 0.99 MeV and 1.3 MeV, as well as γ-rays of 511 keV that result from electron-positron annihilation. The latter was used for the γ-spectrometrical analyses.
For each group of rats, the [ 48 V]TiO 2 -NP aerosol was freshly generated in the spark ignition aerosol generator (GFG100, Palas, Karlsruhe, Germany) at 50 Hz spark frequency in an argon (Ar) gas stream of 3 L/min. The electrically charged aerosol of initially 2-5 nm primary particles was immediately quasi-neutralized by an inline radioactive 85 Kr source and the highly concentrated and continuously agglomerating [ ]TiO 2 -NP still have a chain agglomerated/aggregated structure even after 950°C heat-treatment albeit more compact than the non-heat-treated NP. In that report [43] we provide further comprehensive information of the physico-chemical aerosol analysis. The flow rate was typically 10 L/min and the relative humidity of the aerosol was set to about 70% before entering the inhalation apparatus, as described earlier [43] and schematically displayed in Additional file 1: Figure S2 of the Supplementary Information. The aerosol particle concentration and size distribution were continuously sampled and controlled by a condensation particle counter (CPC 3022A, TSI, Aachen, Germany) and a scanning mobility particle spectrometer (SMPS; consisting of a model 3071 differential mobility analyzer and a model 3010 CPC, TSI, Aachen, Germany), respectively. Averages of the count median diameters (CMD), volume median diameters (VMD) and geometric standard deviations (GSD) as well as number concentrations and volume concentrations are given as mean ± SD in Table 1 . Since the SMPS instrument exhibited a lower particle size detection limit of 10 nm, the averaged spectra were fitted to a lognormal size distribution using the least squares method and the fits were extrapolated to a size of 1 nm (for details see Additional file 1). These corrections led to slightly lower CMDs while the GSD changed only negligibly (see Table 1 ). The characteristic parameters of the freshly generated [ 48 V]TiO 2 -NP aerosol were similar to those previously reported [43] which included 48 V-radio-labeling and excluded the radio-label using non-irradiated, pure titanium electrodes; TEM and HRTEM images were analyzed from the latter. Similarly, the chemical composition was determined by XEDS and Electron Energy Loss Spectrometry (EELS). Also from the non-radio-labeled aerosol, XRD analysis showed the particles had the crystalline TiO 2 anatase structure. After the online heat treatment of the aerosol, the specific surface area was determined to be 270.7 m 
Intratracheal inhalation exposure
Four slightly anesthetized adult rats were ventilated individually via a flexible endotracheal tube and placed on their left lateral side in an air-tight plethysmograph box of our tailor-made inhalation apparatus and connected to the aerosol system, (see Additional file 1: Figure S2 of Supplementary Information). They were exposed to the freshly generated aerosol for 2 hours. Details of the aerosol generation and inhalation setup have been described earlier [43] . In the remainder of this report, this exposure method will be called "intratracheal inhalation" (see reference [79] ).
Treatment of the rats after inhalation
Post exposure (p.e.) anesthesia of each rat was antagonized as described in the Additional file 1 and previously in [23, 29] . Each rat was kept individually in a metabolic cage and excreta were collected separately and quantitatively. For ethical reasons, the rats of the 28-day group were maintained individually in a normal cage on cotton cloths starting immediately after [
48 V]TiO 2 -NP inhalation. Each cloth was replaced with a new one every 3-4 days (2 cloths per week), and the fecal droppings were quantitatively separated from the previous one. After separation, the cloth contained only 48 V originating from urine which had soaked and dried. In Additional file 1: Table S2 the list of collected organs, tissues, body fluids, and excretion are given. Since the cages of the four rats of each group were located next to each other, the rats had continuous sensory perception to each other. In many earlier inhalation studies performed with different species, it was reported that particles can be retained and accumulated efficiently in the hilar lymph nodes at the first bifurcation and along the trachea. 
